The yOgg1 protein of Saccharomyces cerevisiae is a DNA glycosylase/AP lyase that excises guanine lesions such as 7,8-dihydro-8-oxoguanine (8-OxoG) and 2,6-diamino-4-hydroxy-5-N-methylformamidopyrimidine (me-Fapy-G) and incises apurinic/apyrimidinic sites (AP sites) in damaged DNA. The yOgg1 protein displays a marked preference for DNA duplexes containing 8-OxoG or AP sites placed opposite cytosine. In this paper, we show that yOgg1 can also excise an adenine lesion, 7,8-dihydro-8-oxoadenine (8-OxoA), when paired with cytosine or 5-methylcytosine. In contrast, yOgg1 does not release 8-OxoA when placed opposite thymine, adenine, guanine or uracil. The specificity constants (K cat /K m ) for repair of 8-OxoG/C and 8-OxoA/C duplexes are (50 ⍨ 18)⍥10 -3 and (13 ⍨ 3)⍥10 -3 /min/nM, respectively. The catalytic mechanism for strand cleavage at 8-OxoA/C involves excision of 8-OxoA by the DNA glycosylase activity of yOgg1, followed by incision at the newly formed AP site via a β-elimination reaction. Furthermore, cleavage of 8-OxoA/C involves formation of a reaction intermediate that is converted into a stable covalent adduct in the presence of sodium borohydride (NaBH 4 ). The yOgg1 protein binds strongly to the 8-OxoA/C duplex, as demonstrated by an apparent dissociation constant (K dapp ) value of 45 nM, as determined by gel mobility shift assay. In contrast, the yOgg1 protein has a very low binding affinity for the 8-OxoA/T duplex, a K dapp value of 680 nM, which in turn can explain the lack of repair of 8-OxoA in this duplex. The capacity of other DNA glycosylases/AP lyases to repair 8-OxoA has also been investigated. The results show that human hOgg1 protein efficiently repairs 8-OxoA placed opposite cytosine or 5-methylcytosine. On the other hand, the Fpg protein of Escherichia coli cleaves 8-OxoA/C at a very slow rate as compared with yOgg1.
Introduction
Oxidative DNA damage generated by reactive oxygen species (ROS*) has been implicated in a broad range of patho- physiological processes, such as carcinogenesis, neurological disorders and ageing (1) (2) (3) (4) . Among ROS, the hydroxyl radical (OH o ) is highly reactive, producing a variety of purine-and pyrimidine-derived lesions in DNA (5, 6) . A major pathway of OH o -induced DNA damage involves attack on the C8 position of purines to produce 8-OxoG (7,8-dihydro-8-oxoguanine), 8-OxoA (7,8-dihydro-8-oxoadenine) and formamidopyrimidines (5, 6) . Indeed, 8-OxoG and 8-OxoA are the most abundant purine-derived lesions in DNA exposed to γ-radiation in aerated aqueous solution (6, 7) . The mutagenic potential of 8-OxoG in DNA has been demonstrated in vitro and in vivo (8) (9) (10) (11) . Several studies suggest that 8-OxoA in DNA has limited biological consequences, since 8-OxoA does not block in vitro DNA synthesis and thymine is incorporated opposite this lesion by Escherichia coli DNA polymerase I (12) . Furthermore, the presence of 8-OxoA in single-stranded DNA of phage M13 does not result in detectable mutagenesis upon transfection in E.coli cells with normal DNA repair capabilities (13) . However, it has also been shown that 8-OxoA can induce misincorporation in the course of in vitro synthesis by murine DNA polymerases and cause mutations in mammalian cells (14, 15) .
Oxidized purines are primarily repaired by the base excision repair pathway, whose initial step is excision of the modified base by DNA glycosylases in prokaryotes and eukaryotes (10, 11) . The Fpg protein of E.coli is a DNA glycosylase/AP lyase that efficiently releases modified purines such as 8-OxoG, 2,6-diamino-4-hydroxy-5-N-methylformamidopyrimidine (me-Fapy-G), 2,6-diamino-4-hydroxy-5-formamidopyrimidine (Fapy-G) and 4,6-diamino-5-formamidopyrimidine (Fapy-A) (16) (17) (18) (19) (20) (21) . Furthermore, Fpg protein has been shown to excise three other oxidized DNA bases with low or undetermined efficacy, 8-OxoA, 5-hydroxycytosine and 5-hydroxyuracil (20) (21) (22) (23) (24) . Besides its DNA glycosylase activity, the Fpg protein has a physically associated activity which incises DNA at apurinic/apyrimidinic sites (AP sites) and another activity which removes 5Ј-terminal deoxyribose phosphate from DNA (25, 26) . The AP nicking mechanism of the Fpg protein involves successive β-and δ-elimination reactions to leave a single nucleoside gap in DNA (25) (26) (27) . Inactivation of the fpg gene of E.coli reveals a spontaneous GC→TA mutator phenotype, probably due to the accumulation of unrepaired 8-OxoG in DNA (28, 29) . In Saccharomyces cerevisiae, the OGG1 gene encodes a DNA glycosylase/AP lyase which excises 8-OxoG and me-Fapy-G and catalyses strand cleavage at the 3Ј-side of an AP site via a β-elimination reaction (30, 31) . Recently, we have shown that the yOgg1 protein also excises Fapy-G from DNA exposed to γ-radiation (32) . The catalytic mechanism of yOgg1 involves formation of a transient covalent imino enzyme-DNA intermediate (31, 33) . The results suggest that Lys241 is a crucial residue for catalytic activity of yOgg1 protein (33) . Furthermore, as is the case for Fpg-deficient strains of E.coli (28, 29) , yOgg1-deficient strains of S.cerevisiae exhibit a GC→TA mutator phenotype (34) . Its biological properties and substrate specifi- 
Materials and methods
Bacterial strains, plasmids and enzymes Escherichia coli strain BH410 (fpg::Kan r ) (43) and plasmids pYSB160, pYSB161 and pYSB162 containing a wild-type or mutant OGG1 gene of S.cerevisiae were from our laboratory (33) . Fpg and Nth (endonuclease III) proteins were purified to apparent homogeneity as described previously (44) . The hOgg1 protein was purified from BH410 hosting plasmid pPR59 (37) . The purification procedure for hOgg1 will be described elsewhere. Restriction endonucleases, DNA polymerases, T4 polynucleotide kinase and T4 DNA ligase were of commercial origin (New England Biolabs, MA).
Purification of the yOgg1 protein
The preparation of homogeneous yOgg1 protein, from an overproducing strain of E.coli, was as described previously (30, 33) . The specific activity of yOgg1 protein for excision of 8-OxoG was 25 000 U/mg protein (30) . One unit releases 1 pmol 8-OxoG in 15 min at 37°C. Oligodeoxynucleotides The sequence of oligodeoxynucleotides used in this study are reported in Table I . Sequences 1 and 2 were a kind gift of Dr André Guy (CEA, Grenoble, France). Other sequences were purchased from OligoExpress (OligoExpress, Paris, France). All sequences were HPLC purified before use. The phosphoramidite of 8-OxoG was purchased from Glen Research (Sterling, VA) and of 8-OxoA was synthesized as described previously (45) . The synthesis of oligodeoxynucleotides containing a single 8-OxodG (46,47) and 8-OxodA (45) was carried out as described. Sequences 1 and 2 were labelled at the 5Ј-terminus with [γ-32 P]ATP using T4 polynucleotide kinase and annealed with complementary sequences as described previously (33) .
Assay for nicking activity
In a standard reaction, 10 fmol 32 P-labelled double-stranded oligodeoxynucleotides containing a single 8-oxoG or 8-OxoA were incubated in 10 µl reaction 1300 buffer containing 25 mM Tris-HCl, pH 7.6, 2 mM EDTA, 50 mM NaCl and the DNA repair protein. The reactions were performed at 37°C for 15 min. For kinetic studies, the range of DNA concentrations used was 0.5-50 nM. yOgg1 protein was added to the reaction mixture and the reaction allowed to proceed at 37°C for 2 or 4 min. Reactions were stopped by adding 6 µl formamide dye (90% formamide, 0.1% bromophenol blue, 0.1% xylene cyanol and 5 mM EDTA). The reaction mixtures were then subjected to 7 M urea-20% PAGE. Following autoradiography, bands corresponding to cleavage products and unreacted oligodeoxynucleotides were quantified with NIH V1.59 software. The initial reaction rate was plotted versus substrate concentration. K m and V max values and the standard error of these determinations were derived from a computer fitted curve, using the GraphPad Prism 2.0a program.
8-OxoA DNA glycosylase assay and HPLC with electrochemical (EC) detection
The assay mixture (50 µl) contained 25 mM Tris-HCl, pH 7.6, 50 mM NaCl, 25 pmol 8-OxoA/N duplex and various amount of yOgg1 protein. The reactions were carried out at 37°C for 15 min. Reactions were stopped by adding 6 µl 0.3 M sodium acetate pH 5.2 and 160 µl cold ethanol. After centrifugation, pellets and supernatants were separated and evaporated in vacuo. Dried supernatants were dissolved in 50 µl water, and 10 µl were injected into the HPLC-EC system. The pellets were analysed after acid hydrolysis. The pellets were dissolved in 1 ml 88% formic acid and hydrolysis was carried at 130°C for 50 min. Samples were then lyophilized, resuspended in 50 µl water, and 10 µl were injected into the HPLC-EC system. The HPLC-EC system consisted of a model L-6200 Merck pump (Darmstadt, Germany) connected to a SIL-9A autosampler (Shimadzu, Kyoto, Japan) equipped with an Interchrom Uptispher ODSB (particle size 5 µm) octadecylsilyl silica gel column (250⍥4.6 mm internal diameter; Interchim, Montluçon, France). The column was maintained at 25°C with a column oven. The isocratic eluent was a 25 mM aqueous solution of ammonium acetate pH 4 containing 6% methanol. Coulometric detection was provided by a Coulochem II detector (Esa, Chelmsford, MA). The potentials of the two electrodes were set at 400 and 650 mV respectively and the signals were collected on a D7500 Hitachi integrator (Tokyo, Japan). Under these conditions, an authentic 8-OxoA marker molecule eluted at 14.80 min.
Formation of enzyme-DNA covalent complexes (trapping assay)
The trapping assays were performed using 8-OxoA/N and 8-OxoG/C duplexes as substrates. Reactions (20 µl final volume) contained 25 mM Tris-HCl pH 7.6, 2 mM EDTA, 50 fmol labelled duplex oligodeoxynucleotides and 50 mM NaBH 4 . Finally, 10 ng purified yOgg1 or 10 µg protein from bacterial crude lysates were added to the mixture. The reaction was carried out at 37°C for 15 min. The reactions were stopped by addition of 10 µl SDS-PAGE loading buffer and heating at 90°C for 3 min. The reaction products were separated by 10-20% gradient SDS-PAGE and analysed as described previously (33) .
Determination of apparent dissociation constant (K dapp ) of yOgg1 for 8-OxoA/ N duplexes
The binding of yOgg1 to various oligodeoxynucleotides was assayed by gel mobility shift assay. The standard reaction mixture (10 µl total volume) contained 25 mM Tris-HCl pH 7.6, 2 mM EDTA, 50 mM NaCl, 7.5% glycerol and 20 fmol labelled 8-OxoA/N duplex. Various concentrations of yOgg1 protein were added to the reaction and incubated for 15 min at room temperature. Protein-DNA complexes were analysed on 10% non-denaturing polyacrylamide gel (acrylamide:bis-acrylamide 80:1) in 50 mM Tris-borate pH 8.3 and 1 mM EDTA. Samples were run at 90/5 mA/cm for 150 min at 4°C. Following autoradiography, bands corresponding to bound and free oligodeoxynucleotides were quantified by NIH V1.59 software. The fraction of bound DNA was plotted against enzyme concentration using the GraphPad Prism 2.0a program. The apparent dissociation constant (K dapp ) was defined as the amount of enzyme required to bind 50% of total DNA.
Results
The yOgg1 protein cleaves oligodeoxynucleotides containing 8-OxoA opposite cytosine or 5-methylcytosine Repair of 8-OxoA by the yOgg1 protein was investigated using, as substrates, 34mer oligodeoxynucleotides containing a single 8-OxoA placed opposite any of the four DNA bases. The sequences used are reported in Table I . Figure 1a shows that yOgg1 efficiently cleaves the 8-OxoA/C duplex, whereas 8-OxoA/T, 8-OxoA/G and 8-OxoA/A duplexes are not incised. The results also show that the yOgg1 protein cleaves 8-OxoA/ C and 8-OxoG/C duplexes with similar efficiencies, yielding the same reaction product (Figure 1a and b) . The kinetic parameters for cleavage of 8-OxoA/C and 8-OxoG/C by yOgg1 were determined. The specificity constant (K cat /K m ) for 8-OxoG/C was 4-fold higher than that for 8-OxoA/C (Table II) . To investigate the opposite base dependence further, we used DNA duplexes containing 8-OxoA or 8-OxoG placed opposite four pyrimidine bases, namely T, C, U and 5-meC. Figure 2a shows that yOgg1 cleaves 8-OxoA/C and 8-OxoA/5-meC duplexes with similar efficacy. In contrast, 8-OxoA/U and 8-OxoA/T are not incised by yOgg1 protein (Figure 2a ). On the other hand, yOgg1 protein efficiently cleaves 8-OxoG/C or 8-OxoG/5-meC duplexes (Figure 2b ). Although limited, cleavage of 8-OxoG/T and 8-OxoG/U duplexes by yOgg1 is observed (Figure 2b ). Taken together, these results show that for optimal repair of both 8-OxoA and 8-OxoG, the yOgg1 protein requires the presence of C or 5-meC opposite the lesion.
yOgg1 protein is a 7,8-dihydro-8-oxoadenine DNA glycosylase
To establish the molecular mechanism for repair of the 8-OxoA/C duplex by yOgg1 protein, it was necessary to identify the products of the reaction. Therefore, 34mer 8-OxoA/N duplexes were incubated in the presence of yOgg1, and liberation of 8-OxoA was determined using HPLC-EC. Figure  3 shows that yOgg1 releases a product that co-elutes with the free base 8-OxoA marker molecule from the 8-OxoA/C duplex. In contrast, yOgg1 protein does not release 8-OxoA from 8-OxoA/T, 8-OxoA/G or 8-OxoA/A nor from the single-stranded 8-OxoA oligodeoxynucleotide ( Figure 3 ). The calculated specific activity value for excision of 8-OxoA by yOgg1 using 8-OxoA/C as substrate was 22 000 U/mg protein. For comparison, the specific activity value for excision of 8-OxoG from 8-OxoG/C by yOgg1 was 37 000 U/mg protein (33) . These results demonstrate that yOgg1 protein possesses a strong 8-OxoA DNA glycosylase activity, assuming the presence of a cytosine opposite the lesion.
Catalytic mechanism of yOgg1 protein for cleavage of oligodeoxynucleotides containing 8-OxoA opposite cytosine
The mechanism of DNA strand cleavage after excision of 8-OxoG by yOgg1 involves a nucleophilic attack at C-1' of the sugar moiety, leading to formation of an enzyme-DNA Schiff base intermediate (31, 33) . To probe for such an intermediate yOgg1 protein was allowed to react with a labelled 8-OxoA/ C substrate in the presence of the reducing agent NaBH 4 . Figure 4a shows formation of a shifted band (trapped complex) with an apparent molecular weight of~60 kDa. A control experiment shows formation of a trapped complex, which migrates at the same position when 8-OxoG/C substrate was incubated with yOgg1 in the presence of NaBH 4 ( Figure 4a ). These results indicate that yOgg1 forms a transient covalent enzyme-DNA intermediate, which is converted into a stable protein-DNA adduct in the presence of NaBH 4 . In contrast, the trapped complex at 60 kDa is not observed with 8-OxoA/ T, 8-OxoA/G or 8-OxoA/A (Figure 4a ). These results show that trapping efficiencies parallel cleavage efficiencies and DNA glycosylase activities. Moreover, the 5Ј-fragments generated by yOgg1 protein using 8-OxoA/C or 8-OxoG/C were identical (data not shown). Together, these results strongly suggest that the mechanism of strand cleavage by yOgg1 protein involves excision of 8-OxoA, formation of a transient covalent enzyme-DNA intermediate and a β-elimination reaction at the 3Ј-side of the resulting AP site. Previous studies have shown that Lys241 is a critical residue for 8-OxoG DNA glycosylase/AP lyase activity of yOgg1 protein (33) . In particular, substitution of Lys241 by Gln241 (K241Q mutant) completely abolished catalytic activity and covalent complex formation (33) . In contrast, substitution of Lys241 by Arg241 (K241R mutant) resulted in a form of yOgg1 possessing residual catalytic activity (33) . To assess the role of Lys241 in repair of the 8-OxoA/C duplex, we have measured the ability of the wild-type and the K241Q and K241R mutants to form a trapped complex in the presence of NaBH 4 . Figure 4B shows that cell-free extracts containing wild-type yOgg1 protein (K241W.T.) form a high molecular weight covalent complex with 8-OxoA/C in the presence of NaBH 4 . In contrast, cell-free extracts containing the K241R mutant form a retardation complex with low efficiency and extracts containing the K241Q mutant do not form a trapped complex at all (Figure 4b ).
Binding affinity of yOgg1 protein for oligodeoxynucleotides containing 8-OxoA opposite DNA bases
The opposite base dependence for repair of 8-OxoA by yOgg1 protein may be due to a better recognition of 8-OxoA placed opposite a cytosine. To address this question, we determined the apparent dissociation constants (K dapp ) for yOgg1 bound (Table III) . Repair of 8-OxoA/N duplexes by other DNA glycosylases that release oxidatively damaged purines and pyrimidines Efficient repair of 8-OxoA placed opposite cytosine by yOgg1 prompted us to investigate the ability of other DNA glyco- a These values were estimated from extrapolation of data obtained with yOgg1 concentrations ranging from 2 to 250 nM using the GraphPad Prism 2.0a program, as described in Materials and methods. sylases to repair this lesion. Figure 5 shows that only yOgg1 and its human counterpart, hOgg1, are able to cleave the 8-OxoA/C duplex with efficacy. It should be noticed that hOgg1 is also able to cleave 8-OxoA/5-meC and 8-OxoG/5-meC duplexes with the same efficacy (data not shown). The Fpg protein of E.coli displays a very weak activity on 8-OxoA/C ( Figure 5 ). Indeed, the cleavage efficiency of 8-OxoA/C by Fpg is Ͻ1% that of the 8-OxoG/C substrate. The capacity of the Nth protein of E.coli to repair 8-OxoA has also been investigated. Figure 5 shows that Nth protein, which primarily releases oxidized pyrimidines, has no detectable 8-OxoA/C cleavage activity. Furthermore, none of the DNA glycosylases used in this study is able to cleave the 8-OxoA/T duplex at a detectable rate.
Discussion
8-OxoA represents one of the most important types of oxidation product at adenine in DNA exposed to ionizing radiation under physiological conditions (6, 7) . In the present work, we have analysed repair of 8-OxoA by yOgg1 protein using 34mer oligodeoxynucleotides containing a single 8-OxoA placed opposite any of the four DNA bases, uracil or 5-meC. The results show that yeast Ogg1 protein only repairs 8-OxoA mispaired with cytosine or 5-meC. The catalytic mechanism of yOgg1 protein for repair of the 8-OxoA/C duplex involves excision of 8-OxoA by the DNA glycosylase activity of yOgg1 protein, followed by incision at the resulting AP site by a β-elimination reaction. Furthermore, the mechanism of yOgg1 for cleavage of the 8-OxoA/C duplex involves formation of a transient enzyme-DNA intermediate, which can be con-verted into a stable covalent adduct in the presence of NaBH 4 . The data also show that Lys241 is critical for formation of the covalent complex between yOgg1 and the target DNA. Together these results demonstrate that the catalytic mechanisms of yOgg1 for cleavage of 8-OxoA/C and 8-OxoG/ C duplexes are identical (33) . The fact that yOgg1 can excise 8-OxoA and 8-OxoG at comparable rates is important for the evaluation of the importance of DNA functional groups in the catalytic properties of this protein. This result strongly suggests that the C6-keto group of 8-oxopurines is not required for recognition and excision by yOgg1 protein. This observation contrasts with the substrate specificity of the Fpg protein of E.coli (22) , which is the functional homolog of yOgg1 protein (30, 31) . Indeed, the C6-keto functional group appears to be an important element for efficient DNA cleavage by Fpg protein (22) . This latter assumption would explain why the Fpg protein does not efficiently repair 8-OxoA placed opposite any one of the four DNA bases. These data provide further evidence that Fpg and yOgg1 use distinct mechanisms for recognition and/or excision of modified bases from DNA. The marked preference for 8-OxoA placed opposite cytosine must be correlated with previous studies showing that yOgg1 nearly exclusively incises at DNA duplexes containing 8-OxoG or AP sites placed opposite cytosine (30, 31, 33) . Here, we show that efficient repair of 8-OxoA/C compared with 8-OxoA/T by yOgg1 correlates with a higher binding affinity, assessed by K dapp values of 45 and 680 nM, respectively. The presence of cytosine opposite the lesion could induce a structural modification that allows efficient binding of yOgg1 protein. Alternatively, yOgg1 protein could recognize the cytosine itself. The fact that yOgg1 efficiently repairs 8-OxoA opposite cytosine or 5-meC but not opposite thymine and uracil may suggest a role for the C4-amino group of cytosine. In this context, the 3D structure of the mismatch-specific uracil DNA glycosylase (MUG) of E.coli indicates a direct recognition of the 2-amino group of guanine in the complementary strand (48) . Indeed, the results reported in this study suggest that yOgg1 recognizes the C4-amino group of cytosine in the complementary strand to achieve its substrate specificity.
Studies indicate that 8-OxoA induces errors in the course of in vitro DNA synthesis and causes mutations in vivo, suggesting a need for repair of this lesion (15) . Furthermore, excision repair of 8-OxoA/T was shown to occur in human lymphoblast cells (49) . In this study, we show that eukaryotic Ogg1 DNA glycosylases can efficiently excise 8-OxoA paired with C or 5-meC. The biological significance for repair of the 8-OxoA/C duplex is not obvious, since the most likely 8-OxoA-containing pair in oxidatively damaged DNA is 8-OxoA/T. However, in mammalian cells, components of the base excision repair pathway interact to form multiprotein complexes (50) . We cannot exclude the possibility that DNA glycosylases such as Ogg1 are included in such complexes. This could lead to different recognition specificities, allowing the glycosylase to act on substrates other than those recognized by the purified protein.
